Background: The 12 C(α, γ) 16 O reaction plays a fundamental role in astrophysics because its cross
and explosive burning stages in stars, including nucleosynthesis and production of long-lived radioactive isotopes, such as 26 Al, 44 Ti and 60 Fe in core collapse supernova [1] . It also has direct influence on the composition of white dwarfs, and therefore plays an important role in the type Ia supernova ignition process (see Ref. [2] and references therein).
Significant progress in constraining the 12 C(α, γ) 16 O reaction rate has been achieved over the last 40 years, however, the astrophysically required precision of better than 10% [3] is still out of reach. This is because direct measurement of radiative α-capture reaction on 12 C at 300 keV is unfeasible (cross section is ∼10 −17 b) and extrapolations from higher energy measurements have to be used. However, extrapolations are difficult because there are no resonances near 7.5 MeV excitation energy in 16 O that can dominate the cross section (300 keV above the α-decay threshold) and the α-capture process is determined by the mixture of ground state and cascade transitions. It was assumed in the past that the ground state transition through the tails of sub-threshold states and above threshold resonances plays a dominant role and that cascade transitions are relatively unimportant. This assumption was called into question in [4] where the S-factor at 300 keV for the 0 + state at 6.05 MeV cascade transition was determined to be 25 +16 −15 keV b. This is comparable to the E2 transition to the ground state (53 cascade transitions using an independent technique.
It has been shown that reliable constraints on direct proton capture transitions can be obtained if one determines the proton Asymptotic Normalization Coefficient (ANC) of the corresponding state [8] . A large number of proton-capture reactions have been investigated this way and results were benchmarked against the direct measurements (see recent review paper and references therein [9] ). Application of the ANC technique for α-capture reactions was pioneered in Ref. [10] Elastic scattering of 6 Li was also used to monitor target integrity and effective thickness.
The control measurements were performed every time a new target was used and after about three hours of use. It was found that after 3-5 hours of target usage the energy of the elastically backscattered 6 Li was decreased slightly which was attributed to carbon buildup on the surface of the target. Since the sub-Coulomb α-transfer cross section is very sensitive to the energy of the beam, the targets were changed frequently and corresponding corrections were implemented. Details are given in Refs. [13, 16] . After the carbon deposition effect was corrected for and the energy loss in half of the target was considered, the beam energies of 8.7 MeV, 6.75 MeV and 4.7 MeV were used for all the calculations.
The two-dimensional ∆E vs E scatter plot is shown in Fig. 1 where it can be seen that deuterons are clearly identified. A strong proton peak around 1 MeV is seen in Fig. 1 .
This peak corresponds to 12 C+p elastic scattering due to the hydrogen contained in the target and has a much higher intensity than the events of interest. The ∆E tail from these protons leaks into the deuteron cut and prevents deuteron identification below 1 MeV. For cross section) are shown in Fig. 3 (a) and only the calculated DWBA cross section is shown in Fig. 3 (b) [19] . The potential parameters for α+d form factor were taken from Ref. [20] . By normalizing the DWBA calculations to the experimental data and using the equations provided in Refs. [10, 21] together with the known value for 6 Li α-ANC ((C The total uncertainty of the extracted ANCs is a combination of statistical uncertainties, normalization uncertainties and uncertainties in the parameters used for the DWBA calculations such as the optical potential parameters and the number of nodes (see Refs.
[ 13, 16] ). Due to the fact that the reaction is performed at near and sub-Coulomb energies the uncertainty related to the optical potential parameters is small with one excep- have been evaluated in [10] using ANCs that are nearly identical to the results of the present work and therefore there is no need to repeat the R-matrix analysis already performed in [10] . However, the ANC of the 0 + and 3 − states have been measured for the first time and it is paramount to evaluate the contribution of the direct capture to these excited states to the total 12 C(α, γ) 16 O reaction rate. The S-factor for direct α-capture to the 0 + and 3 − states was calculated using the R-matrix formalism described in [23] and implemented in the code AZURE [24] . The E2 transition dominates the direct α-capture to the 0 + and 3 − states (E1 and M 1 transitions were evaluated and were found to be negligible for both cascade transitions). The S-factors for the direct E2 transitions to the 0 + and 3 − states are shown in the interference sign between the direct capture and the capture through the sub-threshold resonance is unknown but it can be fixed using the ANC method [25] .
The radiative width amplitude can be decomposed into the internal and external (channel) parts leading to the corresponding splitting of the sub-threshold resonance amplitude.
The channel radiative width amplitude is proportional to the ANC of the sub-threshold state [21] . Hence the sign of the channel sub-threshold resonance amplitude is synchronized with the sign of the non-resonant capture amplitude, which is also peripheral. This reveals another important role of the ANC in the analysis of the radiative processes: The ANC controls the relative sign of the sub-threshold (or real) resonance channel amplitude and direct capture amplitude. The sign of the internal radiative width amplitude can be found from the microscopic calculations. However, in the case under consideration the transition is E2, the matrix element determining the radiative width contains r 2 , where r is the distance between the α-particle and This result is in obvious disagreement with [4] where it was found that the 0 + cascade transition contributes 25 keV b to the total S-factor. That experiment assumed E1 as a dominant component for the transition. Angular distribution of γ-rays was measured in Ref. [6] and it was shown that in fact E2 dominates. We find that contribution from the 0 + cascade transition is one order of magnitude smaller. However, we also disagree with the results of [7] , where the 0 + cascade transition was found to contribute only 0. 
